This study reports the clinical use of a bioactive bone graft material, PerioGlas Õ , in the treatment of dental extraction sites before dental implant placement, to effect bone regeneration and to give early fixation to the implant.
implant technology, the clinician has more tools to handle complex cases of osseous defects using bone graft materials to augment the sites where the volume of bone would otherwise prohibit the implant placement. There are various materials available for correcting dento-alveolar ridge deformities and augmenting other types of osseous defects. These materials include autogenous bone, demineralized freeze-dried bone allograft (DFDBA), xenografts, alloplasts, and various resorbable and non-resorbable membranes.
Autogenous bone is still considered the gold standard in bone grafting procedures [3] [4] [5] , notwithstanding its limited availability and the need for a second surgery. The results can be variable, depending on the quality/quantity of the bone used, the preparation of the bone, and the method of placement into the surgical site.
Although there have been reports showing poor results with DFDBA when implanted into extraction sites [4, 6] , it is widely used for bone grafting. Xenografts have also been a popular choice and are said to stimulate bone formation and to be resorbable as well. Recent reports have shown that these materials remain in the implant site for years before resorbing. The persistence of the material in the site over extended time periods could lead to stress concentration and ultimate bone failure [7] [8] [9] . In addition, the presence of proteins of bovine origin in certain xenograft materials, especially in Europe, is still being investigated in relation to the problem of the transmissible spongiform encephalopathy, a disease affecting cattle, but likely transmissible to humans [10] .
A number of alloplastic materials have been developed to overcome many of the problems described here. These materials include calcium phosphates, calcium sulfates, and bioactive glasses [11] [12] [13] [14] [15] . In general, these materials are said to be osteoconductive, and may or may not be resorbable. Different types of bioactive glass have been used clinically to regenerate bone loss as a result of periodontal disease for over 10 years. The bioactivity of these glasses was also verified for physical parameters, like surface morphology and granule size, and not only their chemical composition. As an example, we quote the work of Ducheyne [16] , who synthetized a glass called Biogran Õ that has the same chemical composition of PerioGlas Õ , and differs in the granule size range, 300-500 mm instead of 90-710 mm, and it is claimed to have a higher biocompatibility.
There has been a number of clinical studies that have demonstrated consistent results in treating intrabony defects [17] . One study showed that the clinical results of one type of bioactive glass were equivalent to DFDBA in treating two and three wall defects [18] . More recent studies have shown that when used to regenerate bone in fresh extraction sites or to augment the maxillary sinus, these materials fully resorb over a 6-to-13-month time period [19, 20] . The materials have been said to be osteostimulative [21] in that they enhance the bone regeneration of the defect site.
The purpose of this study is to histologically and ultrastructurally evaluate three cases of bone augmentation procedures performed in the mandible, using bioactive glass with a subsequent dental implant placement and to report the resorbability of the bioactive glass and the bone regeneration in the implantation site.
MATERIALS AND METHODS
The cases included in this study and reported in Table 1 are all mandibular teeth that were diagnosed with advanced periodontal disease in need of extraction. All the patients were treated with the following medications: (1) Amoxicillin (1 g bid, for 1 day before tooth extraction and continued for 6 days), (2) Metasone retard (1 mg/day for 5 days) and (3) NSAID on demand bid. Probing depth was measured before tooth extraction in each case. The implant sites were prepared by drilling at a speed not exceeding 40 rpm and assuring torque at 32 N, without irrigation. This facilitated the harvesting of autogenous bone required to be mixed with bioactive glass (PerioGlas Õ , Novabone, USA) (composition: 45% (in weight per cent) SiO 2 , 24.5% CaO, 24.5% Na 2 O, 4% P 2 O 5 ; size: 90 -710 mm) and for a better control of implant alignment. Radiographs were obtained at various times including baseline, immediate post-operative and at 6, 12, 18 (data not shown) and 24 months. At each follow-up, routine hygiene was performed. With prior consent from the patients, biopsies were taken during the six-month follow-up visit.
Case 1 -The patient presented with a periodontal abscess of an endodontically involved molar with 3 furcation lesion having a probing depth of 7 mm, necessitating extraction (Figure 1(a) ). The patient was prescribed prophylactic antibiotics for 1 week before extraction of 4.6 (lower right first molar). A full thickness flap was raised without vertical releasing incisions, without compromising the flap vascularization and the tooth was extracted, taking care to preserve the bone structure.
The socket was then thoroughly cleaned and the implant (Osseotite Õ Standard, 3i Implant Innovation, USA) placed in the interradicular bone. The implant length was chosen to ensure primary stability in the bone. The remaining socket of the extraction site, around the implant, was filled with a mixture of PerioGlas Õ and autogenous bone. The autogenous bone had been harvested from the drilling process during the preparation of the implant site. No additional sites were used to harvest bone (Figure 1(b) ). A healing abutment was placed on the implant and the implant was covered for 6 months. At the time of placement of the abutment (6 months from surgery) a biopsy was performed distal to the abutment (Figure 1(c) ). An additional small biopsy was taken from the soft tissue around the collar of the implant. The healing abutment was replaced on the implant and the final restoration was made 2 weeks after the biopsy. The abutment was tightened at 32 N with a dynamometric tool controlled by endo-oral radiography (Trophy RGVui Digital Radiography System, Trophy Radiology, France) using Rinn technique and personal bite blocks to ensure consistent alignment. Case 2 -The patient presented with a high mobility of the cantilever bridge due to root fracture of 3.5 (lower left second premolar) (Figure 2(a) ). The bridge was then removed and the tooth extracted and subsequently its socket was filled with a mixture of PerioGlas Õ and autogenous bone (Figure 2 (b) and (c)) to maintain proper volume of bone for the esthetics of the final prosthesis. An implant could not be placed in the socket because of the lack of buccal bone, as an implant with dimensions of 4 mm diameter and 10 mm length would compromise the implant primary stability in the alveolar bone. A length more than 10 mm could penetrate the mandibular nerve canal, causing paresthesia. Full thickness flap with vertical mesial release incision was performed for a two-stage implant technique distally positioned to the graftfilled socket (Osseotite Õ Standard, 3i Implant Innovation, USA). The periosteum was released before suturing. At 6 months, a biopsy was taken from the filled socket and the implants were loaded. UCLA abutments (3i Implant Innovation, USA) were placed and tightened at 32 N using a dynamometric tool controlled by endo-oral radiography (Trophy RGVui Digital Radiography System, Trophy Radiology, France) using Rinn technique and personal bite blocks.
Case 3 -The patient presented with an advanced periodontal lesion as a result of poor oral hygiene and exhibited bleeding on probing (BOP) and full mouth plaque score (FMPS) >20%, and a probing depth of about 12 mm (Figure 3 ). In this case, 4.7 (lower right second molar) was extracted and the socket was filled with a mixture of PerioGlas Õ and the patient's blood. The graft site was then covered with a PLA membrane (Atrisorb Õ , Atrix Laboratories, USA) for better protection and the mesiovestibular periodontal pocket of 4.8 (lower right third molar) was also grafted as it presented a 7-mm probing depth. The periosteum was dissected to release the flap and to achieve a better primary healing of the wound.
A biopsy was taken after 6 months and two implants (Osseotite Õ Standard, 3i Implant Innovation, USA) were placed with a one-step technique keeping mounting devices in place for a better healing of the soft tissues. The implants were loaded after 6 months and intraoral radiographs (Trophy RGVui Digital Radiography System, Trophy Radiology, France) and orthopantomographs (Cranex Tome CEPH, Soredex, Finland) were taken during the two-year follow-up visit.
The biopsies were fixed in 4% paraformaldehyde and dehydrated in ethanol. After embedding in polymethylmethacrylate, the samples were sectioned with a diamond saw (Accutom, by Struers, Denmark) into a 200-mm thick and a 20-mm thick slice, respectively for scanning electron microscopy (SEM) (QUANTA-ESEM by FEI, The Netherlands) and for histological observation (Standard 25, Zeiss, Germany). The thin nondecalcified sections were stained with Stevenel's blue/Van Gieson's picrofuchsin or hematoxylin-eosin, suitable to show calcium deposition and bone morphology. The 200-mm thick sections were first microradiographed and then polished and prepared for SEM observations that were performed both in secondary emitted and backscattered mode (BSE). Elemental analyses and X-ray dot maps were carried out with an energy dispersive system (EDS, by EDAX, USA) to detect the topographic distribution of the elements in the PerioGlas Õ granules after implantation.
RESULTS
The histological and SEM analyses of the biopsy of Case 1 taken from the soft tissue around the implant collar show minimal inflammatory reaction; the cellular reaction around the particles is characterized by normal connective tissue with little infiltrate, demonstrating the compatibility of bioactive glass particles in contact with the soft tissues. The outer layer of the particles shows signs of infiltration and hematoxylin-eosin staining indicates the presence of a calcium-rich layer. The degradation also affects the particle core where cell colonization is observed (Figure 4) . At low magnification under the SEM (Figure 5 ), the biopsy shows bone and granules that are not yet completely resorbed. They appear whiter since they are electronically denser than bone. The grey level contrast in the image clearly delineates older bone (lighter grey) from newly formed bone.
In the apical part of the biopsy, wide zones of mineralization are seen, probably due to autogenous bone pieces that were mixed with PerioGlas Õ during implantation and due to a more intimate contact with the bone walls. Trabecular bone was seen to have grown directly onto the surface of the glass particles away from the bone walls. Some granules appear to have an empty core indicating a resorption of the particles. In addition, new bone can be seen growing within the excavated pouch of the bioactive glass particle in the SEM image ( Figure 6(a) ). The appearance of the material adjacent to the newly formed bone is similar to precipitated calcium phosphate ( Figure 6(b) ).
After 6 months of implantation, the glass underwent a physicalchemical transformation and a significant part had already been transformed into calcium phosphate, as shown by the X-ray dot maps for silicon, calcium, and phosphorus ( Figure 6(c) ). The bioglass bioactivity mechanism was already described by many authors [22, 23] and it could be divided into different steps: (a) ionic diffusive processes from the glass, (b) its transformation into a hydrated gel, (c) contradiffusion from the extracellular matrix toward the glass surface, and finally (d) precipitation of calcium phosphate in the glass.
Radiographic images of the implant site after 6 (Figure 1(c) ) and 24 months (Figure 7) show good maintenance of the bone collar around implant.
Histological observation of the biopsy of Case 2 shows significant bone growth among the bioactive glass particles, which appear degraded: some are intimately connected to the newly formed bone while others are still surrounded by noninflammatory connective tissue. Figure 8 is an undecalcified histologic image (Van Gieson's picrofuchsin) of bioactive glass particles inside the pocket. There was no indication of any inflammatory infiltrate.
Scanning electron micrographic investigations show new bone grown both on the particles surface (Figure 9 , on the right side) and inside their core (Figure 9 , on the left side) indicating an early stage of new bone formation.
Radiographic images show excellent maintenance of the bone collar around implants, even at two-year follow-up ( Figure 10 ). Radiographic density of the regenerated bone appears as normal bone even during the early stages. At the final follow-up of these cases, the bone volume was maintained under loading of the implants when compared with the initial graft volume. In Case 2, where there was no implant placed, the volume was also maintained.
In Case 3, there was less bone formation, although the particle reactivity appeared to be comparable to the other cases. The biopsy in this case was taken from the crestal region and may not be representative of bone formation occurring more apically in the defect. The two-year post-operative clinical results ( Figure 11 ) in this case are similar to the other cases and the implants have been successfully loaded and are stable. Thus, the early evidence of lower bone formation in the biopsy did not appear to have an adverse effect on the clinical result.
In two of the three cases, islands of bone formation were noted in the middle of the defect, far from the bone wall. Bone grows on the glass granule surface that works as a scaffold through the formation of a calcium phosphate-rich layer that induces the colonization of the bone cells.
DISCUSSION
From the results, it is very clear that the use of PerioGlas Õ has significantly influenced the prognosis in all the three cases described here. All the three cases were followed up at the end of two years in a completely loaded state and were all stable and healthy. PerioGlas Õ is one of the synthetic bone regenerative products belonging to the group of 'glasses and ceramics'. Though hydroxyapatite (HA) has been the most widely used alloplast, its prolonged resorption/ remodeling time and its brittleness have led to the development of other alloplasts with improved properties. PerioGlas Õ is made up of bioactive glass particles ranging from 90 to 710 mm, and exhibits properties significantly superior to those of the other alloplasts. Like all synthetic grafts, PerioGlas Õ does not require a second surgery and there is no risk of disease transmission or immunologic response. The threedimensional scaffold formed in situ upon implantation is a critical determinant of the speed of remodeling and regeneration. PerioGlas Õ particulate imparts a greater surface area for the exposure of nutrients, vascularization, and bony ingrowth consequently leading to faster bone regeneration. Unlike most of the other alloplasts that are bioinert, PerioGlas Õ belongs to the class of bioactive regenerative materials. Not only does it act as an osteoconductive scaffold providing an appropriate environment in which bone cells and BMPs can adhere and proliferate, but also interacts with the surrounding tissues and imparts an osteostimulatory effect [24] .
The ability of PerioGlas Õ to stimulate bone formation in the presence of osseous tissues but not in soft tissues makes it different from osteoinductive products. PerioGlas Õ is neither osteogenic nor osteoinductive, but a number of in vivo studies have demonstrated a more rapid bone formation with Bioglass particles. This has been attributed to the 'osteopromotion' and 'osteoproduction' principles, which are used interchangeably with 'osteostimulation.' Also, the viability and proliferation potential of osteoblasts (MG63) have been shown to be exemplified in the presence of bioglass particles [25] . Because of its ionic release mechanism of action, PerioGlas Õ negates the acidic pH at the wound site, hence reducing the inflammation. In vitro tests have also shown that PerioGlas Õ can decrease the clotting time by at least 25%. More tests have proven a significant reduction (3 log) in the bacterial population. There have also been studies revealing an increased osteocalcin and alkaline phosphatase levels [26] at the recipient site in the presence of PerioGlas Õ , indicating that all these mechanisms ultimately help in providing a favorable site for osteoblast recruitment and osseous regeneration.
CONCLUSIONS
PerioGlas Õ shows very good handling properties during placement and does not require elaborate mixing techniques or equipment.
The surgical sites showed rapid healing of soft tissue and the material appeared to enhance hemostasis. The material appears to maintain graft volume and shows excellent biocompatibility.
These results show that bioactive glass particles are a viable synthetic graft material for use when grafting is necessary in conjunction with load bearing dental implants as it exhibits reliable and lasting results.
